ABSTRACT: Aminoacyl-tRNA synthetases are multidomain enzymes that catalyze covalent attachment of amino acids to their 10 cognate tRNA. Cross-talk between functional domains is a prerequisite for this process. In this study, we investigate the 11 molecular mechanism of site-to-site communication in Escherichia coli prolyl-tRNA synthetase (Ec ProRS). Earlier studies have 12 demonstrated that evolutionarily conserved and/or co-evolved residues that are engaged in correlated motion are critical for the 13 propagation of functional conformational changes from one site to another in modular proteins. Here, molecular simulation and 14 bioinformatics-based analysis were performed to identify dynamically coupled and evolutionarily constrained residues that form 15 contiguous pathways of residue−residue interactions between the aminoacylation and editing domains of Ec ProRS. The results
cognate tRNA. Cross-talk between functional domains is a prerequisite for this process. In this study, we investigate the 11 molecular mechanism of site-to-site communication in Escherichia coli prolyl-tRNA synthetase (Ec ProRS) . Earlier studies have 12 demonstrated that evolutionarily conserved and/or co-evolved residues that are engaged in correlated motion are critical for the 13 propagation of functional conformational changes from one site to another in modular proteins. Here, molecular simulation and 14 bioinformatics-based analysis were performed to identify dynamically coupled and evolutionarily constrained residues that form 15 contiguous pathways of residue−residue interactions between the aminoacylation and editing domains of Ec ProRS. The results 16 of this study suggest that multiple pathways exist between these two domains to maintain the dynamic coupling essential for 17 enzyme function. Moreover, residues in these interaction networks are generally highly conserved. Site-directed changes of on-18 pathway residues have a significant impact on enzyme function and dynamics, suggesting that any perturbation along these 19 pathways disrupts the native residue−residue interactions that are required for effective communication between the two 20 functional domains. Free energy analysis revealed that communication between residues within a pathway and cross-talk between 21 pathways are important for coordinating functions of different domains of Ec ProRS for efficient catalysis. (ii) 27 ProRSs are modular proteins and are divided into two 28 evolutionarily distinct groups based on sequence alignment 29 and structural architecture.
1,2 The "prokaryotic-like" ProRSs 30 contain an insertion domain (INS) between motifs 2 and 3 of 31 the catalytic domain, whereas "eukaryotic-like" ProRSs have C-32 and/or N-terminal extension domains. 3 ProRSs from all three 33 kingdoms of life have been shown to misactivate noncognate 34 alanine and cysteine, resulting in mischarged tRNA Pro ProRSs ( Figure 1 ) is a post-transfer editing active site that 41 hydrolyzes specifically mischarged Ala-tRNA Pro . 4, 5, 7, 8 In con-R450, found to be important for substrate binding 15 (Figure 1 ).
126
The end point was chosen to be K279 in the INS, which has 127 been shown to be required for the editing function 8 and is 37 Å The homology model was derived from the X-ray crystal structure of Ef ProRS. 15 The C α −C α distances between the starting residues (C443 and R450) and the end residue (K279) are shown. and j during the simulation:
193
(1) 194 The atomic (C α ) displacements of residues i and j are 195 represented by x i and x j , respectively; the angular brackets were also analyzed following the method described previ-211 ously. 16 231 extracted a subset of residues that are simultaneously coupled 232 through evolution and dynamics (Scheme 1). The motional 233 coupling information from MD was integrated with the 234 evolutionary conservation and co-evolution data set obtained 235 from the SCA study.
236
The conserved and co-evolved residues were treated 237 separately. The conserved and dynamically coupled residues 238 were chosen by selecting only those residues that exhibit 239 35, 36 The value of C ij 245 was set to ≥0.8 to obtain residues that are engaged in strong 246 correlated motions.
247
To select the co-evolved and dynamically coupled residues, 248 the dynamic cross-correlation matrix (C matrix) was truncated 249 by including only those columns that are present in the 250 normalized SCA-derived G matrix. Next, the co-evolutionary 251 dynamic coupling, CDC, matrix was created by multiplying 252 each ijth element of the G matrix with the corresponding 253 element of the truncated C matrix:
(2) 255 The CDC matrix therefore contains the covariance information 256 of residue pairs that are co-evolved as well as dynamically 257 coupled. In this study, the co-evolved and dynamically 258 correlated residues are extracted by choosing only those 259 residues for which CDC ij ≥ 0.4 (ΔΔG ij stat ≥ 0.5; C ij ≥ 0.8).
260
Identification of Interaction Networks Using Dijkstra's 261 Algorithm. From the short-listed residues (Scheme 1), Histidine-tagged proteins were purified using a Talon   293 cobalt affinity resin, and the desired protein was eluted with 100 294 mM imidazole. Protein concentrations were determined Pro was prepared to be used in deacylation assays, the 318 same reaction mixture was used, and [
14 C]alanine was used to 319 acylate G1:C72/U70 tRNA Pro (8 μM) by Ec alanyl-tRNA 320 synthetase (8 μM). After incubation for 1.5 h, 1% acetic acid 321 was used to quench the reaction, and the mischarged tRNA was 322 purified by repeated phenol/CHCl 3 extraction (5:1 solution, 323 pH 4.5), followed by ethanol precipitation. Dynamic Cross-Correlation Analysis. The dynamic 340 cross-correlation matrix (C) for the WT enzyme ( Figure S1 341 of the Supporting Information) was generated using the first 342 three principal components. Analysis of the cross-correlation of 343 fluctuations of residues revealed both inter-and intradomain 344 dynamic correlation. The aminoacylation domain and the INS 345 are mainly engaged in anticorrelated motions; i.e., their 346 displacements are in opposite directions (C ij < 0). However, 347 various structural elements within the aminoacylation domain 348 and the INS are engaged mainly in correlated motion (C ij > 0). 349 The C matrix ( Figure S1 of the Supporting Information) was 350 used to extract residues that are engaged in strong correlated 351 motion (C ij ≥ 0.8).
352
Conserved and Co-Evolved Residues. Earlier, we 353 showed that evolutionarily constrained residues are important 354 (average correlation coefficient value), are listed in Table 2 and   396 f4 shown in Figure 4 . These predicted paths (interaction residues to alanine had a considerable impact on proline , distance cutoff. Numbers in parentheses in column 4 represent average C ij values between adjacent residues in a given path obtained from dynamic cross-correlation matrix C for the three replica simulations. Residues shown in bold represent the terminal residues. All residues except those shown in italics are conserved residues; residues shown in italics represent the co-evolved residues. The underlined residues were chosen for mutational studies. (Figure 5a ). The overall aminoacylation activity was 456 also slightly reduced for the H302A and E234A variants (2-457 fold) and the D198A (5.5-fold) variant (Figure 5a,b) . 458 Interestingly, mutation of G412 to alanine resulted in 459 significantly weakened aminoacylation capability for both the 460 single (G412A, 7-fold) and double (H302A/G412A, 5.5-fold) 461 mutants (Figure 5b) , although an only ∼2−4-fold reduction in 462 proline activation efficiency was observed for these variants, 463 which were weakly coupled (Table 3) . When ΔΔG is calculated t4 464 for the aminoacylation reaction (Table 4) , strong coupling is 465 observed between H302 and G412 because the ΔΔG for 466 double mutant H302A/G412A (1.0 kcal/mol) is significantly 467 smaller (subadditive) than the sum of the two single mutants 468 H302A and G412A (ΔΔG = 0.4 kcal/mol + 1.2 kcal/mol = 1.6 469 kcal/mol). Aminoacylation activity was not detected for double 470 mutants N305A/G412A and E218A/N305A ( Figure 5) . On 471 the basis of the detection limit of the aminoacylation assays, no 472 conclusions can be drawn regarding the coupling of these 473 residues. Taken together, these observations suggest that 474 mutation of putative pathway residues has distinct impacts on 475 the two steps of the tRNA aminoacylation reaction. 476 Pretransfer Editing. The pretransfer editing reaction was 477 studied by monitoring enhanced hydrolysis of ATP in the 478 presence of alanine 13 relative to that observed in the absence of (Figure 6 ). This result may be due to the variant's ability to 483 activate alanine slightly more efficiently than the WT enzyme 484 (data not shown).
485
Post-Transfer Editing. The impact of mutations on Alaf7 486 tRNA
Pro hydrolysis was also studied (Figure 7) . A significant 487 reduction in post-transfer activity was observed for the N305A 488 mutant (∼4-fold reduced relative to that of WT). This residue 489 resides at the interface between the INS and activation 490 domains, far from the editing active site. Most of the other 491 mutant ProRS variants tested (D198A, E234A, H302A, G412A, 492 and E218A/N305A) displayed editing activity that was similar 493 to that of WT ProRS (data not shown). The H302A/G412A 494 and N305A/G412A double mutants exhibited small (∼3-and 495 ∼2-fold, respectively) decreases in activity. Interestingly, the 496 F415A mutant, which was severely defective in proline 497 activation and aminoacylation, hydrolyzed mischarged Ala-498 tRNA Pro at a rate nearly 9-fold greater than that of the WT 499 enzyme (Figure 7) . . Relative alanine pretransfer editing activity of WT and mutant variants of Ec ProRS. The assay was performed at 37°C using 4 μM ProRS and 500 mM alanine. Results are reported as percent activity relative to WT, which was set to 100%. 531 fluctuations of C α atoms were computed from their respective 532 average structures, normalized, and averaged over the three 533 clusters. The impact of mutation of on-pathway residues on the 534 protein flexibility was examined by computing the difference of 535 these cluster-averaged rms fluctuations between the WT and a f9 536 specific mutant (Figure 9 ). Analysis of the results indicates that 537 the flexibility of the protein backbone was altered by varied 538 extents because of the alanine substitutions at these sites. The 539 overall flexibility of the catalytic-domain residues, including the 540 PBL, was found to be considerably impacted by the alanine 541 substitution of N305 (Figure 9 ), which is located in the editing 542 domain and has been observed to have significantly reduced 543 proline activation and aminoacylation activities. The fluctua-544 tions of the editing-domain residues were also impacted in all 545 four mutants, with the most significant changes observed for 546 N305A, G412A, and F415A. A noticeable alteration in editing 547 activity was also observed for these mutants, indicating that 548 coupled thermal motions are important for Ec ProRS function.
549
The PBL is critical for substrate binding and catalysis. 550 Therefore, to examine the impact of these point mutations on 551 the collective dynamics of the PBL, we conducted PCA of WT 552 Ec ProRS and the same four Ec ProRS variants (F415A, 553 G412A, E234A, and N305A) using the last 20 ns of MD 554 simulation data for the C α atoms of the PBL. The root-mean-555 square projections (rmsps) 16 of the PBL for the WT and significantly lower than those of WT ProRS. 16 
